Abstract-Optical parametric chirped pulse amplifiers (OPCPAs) are widely recognized and rapidly developing devices for high-power femtosecond pulse generation. In this paper we reveal the main issues of OPCPA gain bandwidth extension for amplification of pulses with octave-spanning spectra.
for potentially delivering ultrashort light pulses with petawatt peak power [5] . Since that time OPCPA became a widely recognized and rapidly developing amplification technology, see review articles [6] , [7] , and references therein.
The possibilities of OPAs to amplify extremely broadband optical pulses was proved by noncollinear optical parametric amplification (NOPA) technique [8] , [9] . This concept was exploited to build broadband OPA's seeded by the white-light continuum [10] . To date, this technique has provided the shortest pulses (3.9 fs) ever generated by use of parametric amplification, as demonstrated by Baltuška et al. [11] .
A number of ways of realizing ultrabroad gain bandwidth of OPA have been discussed and demonstrated, see for example [5] , [9] , [12] [13] [14] [15] [16] [17] [18] [19] . Two of particular relevance are as follows:
1) OPA is operated close-to-degeneracy for type I phasematching for near-collinear geometry; 2) OPA is operated away from degeneracy for type I phasematching and has noncollinear geometry. In this paper we analyze the possibilities to amplify in OPCPA few-cycle chirped pulses with octave-spanning spectra or even broader. This paper is organized as follows. In Section II we discuss the dispersion properties of phase-matching curves of OPA. In Section III we analyze the ultrabroad gain bandwidth of collinear OPA. In Section IV the bandwidth of OPA with noncollinear geometry is discussed. In Section V the broadening of the bandwidth of degenerate OPA pumped by chirped pump pulses is analyzed. Section VI presents the enhancement of OPA bandwidth at multibeam pumping. In Section VII conclusions are drawn. All calculations of OPA's bandwidth presented below are provided for short BBO crystal of the same length (2 mm) and the same parametric gain parameter . That enables to compare the bandwidth of OPA's which are operating at different wavelengths of pump and signal waves.
II. DISPERSION OF PHASE-MATCHING CURVES
The bandwidth of OPA is determined by the dispersion of the phase matching in nonlinear crystal. The gain of the signal in an OPA can be estimated using the solution of the coupled wave equations defined by relation (1) where , , [14] , [15] . Here is the parametric gain coefficient, -the amplifier length, the phase mismatch in the propagation direction of pump wave (see Fig. 1 ).
( is frequency and is refractive index) stands for wave vector with the appropriate subscripts for: 1) signal; 2) idler; and 3) pump, 0018-9197/$26.00 © 2010 IEEE respectively. The conservation of energy demands that frequencies , , and are restricted by relation (2) and the boundary condition (nonlinear Snell's law) gives
The phase-matching curve can be calculated by use of equations
An elimination of angle in (4), (5) gives (6) The behavior of phase-matching curve essentially depends on dispersion properties of group velocity and group-velocity dispersion (GVD) coefficient of signal and idler waves. For calculation of the refractive indexes and related quantities we adopt the same Sellmeier equations as in [20] . It should be pointed out that in the transparency region of material there exists a wavelength at which GVD coefficient is zero (for o-polarized wave in BBO 1.43 m). The type I phase-matching curves in BBO crystal with some values of pump wavelength are presented in Fig. 2 for different values of phase-matching angle . The dependence of angle on signal wavelength presented in Fig. 2(a) is quite different in comparison with the dependence presented in Fig. 2(d) . GVD coefficient in Fig. 2 (a) is positive (normal GVD). In contrary, the GVD coefficient in Fig. 2(d) is negative (anomal GVD). Fig. 2 (c) corresponds to small value of GVD coefficient . Thus, the value of GVD coefficient at degeneracy causes the shape of phase-matching curves.
III. ULTRABROAD GAIN BANDWIDTH OF COLLINEAR OPA
For collinear geometry, an ultrabroadband type I OPA can be realized near degeneracy, because only in this case the group velocities of signal and idler pulses can be matched. Usually uniaxial or biaxial nonlinear optical crystals are used, such as BBO [21] [22] [23] , KDP [5] , CLBO [24] , LBO [25] .
Let us assume that collinear phase-matching angle at degeneracy is . Then phase-matching condition (4) at is (7) where
and . An expansion of the wave vectors in (7) into Taylor series gives (8) where , , , , , and is a walk-off angle for pump wave. If , then the angular tuning curve of OPA is parabola (9) In the region where the shape of angular tuning curve is defined also by dispersion coefficient . The typical angular tuning curves for collinear phase-matching in BBO based OPA are presented in Fig. 3 . In the region where the "turnover" of angular tuning curves is observed, and large enhancement of OPA bandwidth takes place [26] , [27] . The gain bandwidth of an OPA can be calculated by use of (1). For collinear interaction at large gain (1) can be written as (10) An expansion of the wave vectors and into Taylor series gives (11) where , , and , , are wave vector, group velocity, and GVD coefficient at central frequencies and of signal and idler waves, respectively. As a result, the wave vector mismatch is (12) where is group velocity mismatch of signal and idler waves.
Near degeneracy the group velocities and can be written as , , where , , and defines a detuning from degeneracy. In this case the phase mismatch is given by (13) The dependence of the normalized gain on signal wavelength in BBO crystal is shown in Fig. 4 . Two maxima of the curves (2-4) correspond to exact phase-matching near degeneracy at signal ( , ) and idler ( , ) central frequencies. The gain bandwidth of OPA near degeneracy can be calculated by use of (10) and is given at large gain by (14) For degenerate OPA follows:
The maximum bandwidth near degeneracy is achievable in OPA when the normalized gain at equals 0.5. In this case the bandwidth (16) exceeds OPA bandwidth at exact degeneracy by 1.4 times.
An OPA gain bandwidth significantly depends on the pump wavelength, see Fig. 5 . The minima in central part of the curves (1-4, 6, 7) correspond to degenerate OPA. The maximum bandwidth is obtained at some detuning from degeneracy. The OPA bandwidth for fixed value of pump wavelength is essentially defined by GVD coefficient at central wavelength of signal wave (15) . Extremely large bandwidth 6000 cm is obtained at 0.7 m (curve 5) because GVD coefficient is negligible. The variation of the wavelength band of degenerate collinear OPA with pump wavelength for BBO crystal is shown in Fig. 6 . The bandwidth which exceeds one octave is obtained when GVD coefficient of signal central wavelength is negligible. The number of octaves can be calculated by use of relation (17) For BBO crystal at 0.67 m (see Fig. 6 ) in transparency region we obtain . Further we shall evaluate the number of cycles corresponding to symmetric pulse with a bandwidth
. (17) can be rewritten in the form (18) here is a central frequency of the signal pulse. Taking into account that and we find (19) where is the period of optical oscillations, and denotes the product of duration and frequency bandwidth at FWHM level for transform-limited pulse. In the case of Gaussian envelope and the bandwidth of one octave the subcycle pulse is obtained. An exact phase-matching in OPA is possible not only for collinear central wavelength of signal wave, but also simulta- neously for noncollinear components of different wavelengths, see, for example, the phase-matching curves of BBO-based OPA shown in Fig. 2(a) . For this reason the conception of collinear phase-matching is applied below in Section III only to central wavelength of signal wave, and spatial-temporal frequency (STF) band is analyzed instead of frequency band. The STF band of BBO-based collinear OPA is depicted in Fig. 7 for central wavelength 1.064 m of signal wave. Due to angular dispersion of phase-matching it is possible to broaden significantly the bandwidth of collinear OPA if an angularly dispersed signal beam is available [19] . The amplitude of signal pulsed beam with linear angular dispersion in plane can be written as (20) where and are pulse duration and beam diameter defined at half-maximum of signal intensity. Here is a pulse front tilt angle. Carrying out two-dimensional Fourier transform of (20) for spectral intensity at half-maximum we obtain (21) Equation (21) determines a STF band of amplified signal, which should be located inside STF band of OPA, see Fig. 7 . In the case of the pulse without angular dispersion (curve 1) the STF band of the signal exceeds the band of OPA which covers 0.3 octave, and cutting of the edges of signal spectrum is unavoidable. The frequency band of amplified in OPA signal pulse with proper angular dispersion (curve 2) exceeds one octave and is broader nearly four times in comparison with the previous case.
IV. ULTRABROAD GAIN BANDWIDTH OF NONCOLLINEAR OPA
Let us analyze typical dependences in BBO crystal at 0.532 m which are shown in Fig. 2(a) for several values of phase-matching angle . There exists only one maximum (curves 1,2) in dependence for a certain value , where is the angle of collinear degenerate interaction. When , one maximum and one minimum are present in the phase-matching curve. At the maximum and minimum merge into an inflexion point [19] . At the extremum points are absent. The larger bandwidth of OPA is obtained in the area where the variation of is rather small, e.g., in the locus of maximum or minimum. Thus, for fixed value of the optimum values of signal wavelength , phase-matching angle and noncollinear angle can be found. As a result, for large area of the pump wavelengths there exists a phase-matching curve with an inflexion point ( , ) in vicinity of which an angular dispersion is the least, and the the bandwidth of OPA is potentially the broadest. It should be pointed out that for 0.7 m an inflexion point in the phase-matching curves of BBO crystal does not exist, see Fig. 2(c) and (d) .
The OPA bandwidth can be numerically calculated by use of (1). The variation of wavelength band of noncollinear OPA with a wavelength of signal wave in BBO crystal for fixed value of pump wavelength is presented in Fig. 8 . In this case for each value the optimum values of phase-matching angle and noncollinear angle were found. The inflexion point of phase-matching curve is obtained at intersection of two curves. The largest bandwidth of noncollinear OPA is obtained at value 0.75 m, different from 0.827 m. The bandwidth of noncollinear OPA significantly depends on pump wavelength. The variation of wavelength band of noncollinear OPA with a pump wavelength in BBO crystal for fixed value of signal central wavelength 0.827 m is presented in Fig. 9 . The largest bandwidth is obtained at An ultrashort pulse is very thin in space. Thus the time-space coupling across the cross-section by some distortion of propagation may give a tilted signal pulse front from the wave front in the noncollinear OPA. This pulse-front tilting results in undesired pulse width broadening and spectral lateral walkoff [28] , [29] . Tilted pumping geometry (pulse-front matching) is essentially required for compression to a transform-limited pulse. The tilted-pump OPA was firstly demonstrated by Danielius et al. in 1996 in order to control the group velocity of the pump for efficient amplification in a collinear OPA [30] . In the case of tilted-pump OPA the maximum spatial overlap between the pump and signal is obtained, and that dramatically supresses the spatial chirp, resulting in the generation of non-tilted spatially-coherent signal pulse which is compressible to the transform-limited pulse [31] [32] [33] . Whereas tilted-pulse pumping is essential for increasing interaction length and pulse overlap in longer crystals, it plays a secondary role in the 1-mm BBO crystal used in [11] . As a result, in this case tilted-pump pulse helps to broaden the effective phase-matching bandwidth. In this way 3.9 fs pulses were obtained in noncollinear OPA. We note, that phase-matching range of the signal pulse in the OPA can be increased by use of diverged pump beam as it was proposed in [34] . The STF band of noncollinear OPA is presented in Fig. 11 for the case when the signal central wavelength corresponds to the inflexion point of the phase-matching curve. If the value of differs from the wavelength of an inflexion point the matching of signal and OPA STF bands requires certain linear angular dispersion of signal beam, and the increase of OPA bandwidth becomes possible [35] [36] [37] [38] [39] .
V. GAIN BANDWIDTH OF DEGENERATE OPA PUMPED BY CHIRPED PULSE
The ultrabroad bandwidth of degenerate OPA can be broadened by use of chirped pump pulse [22] , [23] , [40] [41] [42] [43] . We shall analyze analytically a gain bandwidth of collinear OPA at degeneracy pumped by chirped pulse. In this case (2) and (4) can be written as (22) where . Here , 1, 2, 3, are central frequencies of unchirped pulses and is a time dependent frequency deviation of corresponding wave, . An expansion of into Taylor series gives (23) here , and and are group velocity and GVD coefficient of pump wave, respectively. At we obtain (24) It is clear that efficient parametric amplification will set a specific relation between the pump chirp and the chirp of signal [22] . As a result, a linear chirp in the pump pulse (quadratic phase) requires a signal with a quadratic chirp (cubic phase).
An amplification by chirped pump is identical to amplification with a time drift of OPA frequency band. So, at different time the different parts of signal spectrum are amplified. In this way the bandwidth of OPA can be considerably broadened if signal frequency deviation considerably exceeds the pump frequency deviation and is comparable or exceeds the bandwidth of degenerate OPA pumped by unchirped pulse, which is defined by (15) . Comparison of and gives (25) A ratio mainly depends on pump bandwidth , crystal length and group-velocity mismatch between signal and pump pulses. For typical values of BBO-based OPA, as in [22] , 400 nm, 800 nm, chirped pump bandwidth 10 nm, 3 mm, and we obtain . It means, that bandwidth of OPA pumped by chirped pulse is approximately three times larger when compared to the bandwidth of OPA ( 2000 cm , see curve 3 in Fig. 5 ) pumped by unchirped pulse. In this case this approach allows for the parametric amplification of an octave spanning spectral width. The obtained estimation is in a good agreement with experimental results presented in [22] . We note, that chirped pump pulse can be used also to broaden a bandwidth of nondegenerate OPA [44] , [45] .
VI. BANDWIDTH OF MULTIBEAM PUMPED OPA
The basic property of parametric amplification process is that generated idler wave eliminates the phase difference between the pump and signal waves. Thus, a number of pump waves with different phases can be used to amplify the single signal wave with the same phase. So an efficient parametric amplification can take place with mutually incoherent pump waves, which can drive a coherent signal in an optical parametric oscillator (OPO) [46] [47] [48] . When two-or three-beam-pumped OPA configuration was discussed for the first time, it was designed for optical parametric generator (OPG) to reduce the spatial and spectral bandwidths [49] , [50] . Such reduction of bandwidth also takes place in OPO and OPG pumped by Bessel or incoherent conical beams [51] [52] [53] [54] [55] . The multiple mutually incoherent pump beams can provide efficient energy combining either in parametric generation [56] or amplification [57] , [58] process. The major benefit emerging from the use of multiple-beam pump is that incoherent low-to-medium power pump sources can be used to amplify a single signal beam thus potentially increasing the repetition rate. On the other hand, many low-energy pump sources can replace one high-energy pump laser, usually used in powerful OPCPA systems. Another relevant feature of the multiple-beam pumped OPA has been demonstrated, showing that multiple pump beams used in a noncollinear geometry could notably extend the amplification bandwidth in the case of the chirped broadband seed [59] . More than twofold broadening of the amplified signal spectrum (from 165 to 390 cm ) was obtained. The signal was simultaneously amplified by two pump beams, which, respectively, amplified neighboring regions of signal spectrum. The conception of two-beam-pumped LBO- based OPCPA was proposed in [60] . However, temporally and spatially overlapping multiple pump pulses causes self-diffraction, which throws away a considerable amount of signal pulse energy and thus disturbs the ultrabroadband amplification [61] . Nearly twofold broadening of the amplified signal spectrum by multiple-beam pumping was reported in [43] . To overcome self-diffraction caused by temporal and spatial overlap between the pump pulses in multiple-beam pumping, temporally delayed two pump beams were implemented. It was proposed to use a pair of amplifiers seeded by the same broadband signal, which is split before reaching the two DKDP crystals [62] .
We note, that the broadest bandwidth can be achieved in collinear degenerate OPA, when signal wavelength corresponds to negligible GVD coefficient. In Section II it was pointed out, that in BBO crystal this signal wavelength is 1.43 m. For KDP crystal we obtain 0.98 m. In Fig. 12 the gain bands of BBO crystal, collinearly pumped at 0.7 m, and KDP crystal, pumped at 0.48 m are presented. Superposition of two bands gives rise to especially large spectrum of 0.68-2.52 m spanning nearly two octaves .
VII. CONCLUSION
The possibilities of realizing ultrabroad gain bandwidth of collinear as well as noncollinear OPA have been discussed. It is shown that an exceeding one octave bandwidth of collinear OPA can be obtained for signal pulses with wavelength at which GVD coefficient is negligible. It is demonstrated that the bandwidth of OPA operating near degeneracy can be extended for amplification of pulses with octave-spanning spectra by use of angularly dispersed signal pulses or chirped pump pulses. An analytical expression (25) for the gain bandwidth of collinear OPA at degeneracy pumped by chirped pulse was obtained.
For noncollinear OPA there exists a phase-matching curve with an inflexion point in vicinity of which an angular dispersion is the least and the OPA bandwidth is the broadest. In this case the pulses with octave-spanning spectra can be amplified in noncollinear OPA. Additionally, the OPA bandwidth can be increased by use of signal or pump pulses with angular dispersion.
The multibeam pumping is a promising technique for increasing the OPA bandwidth. When an OPA is pumped by several beams of the same wavelength the different wavelength regions of the signal pulse can be amplified due to different noncollinear angles of signal beam with respect to the pump beams. The bandwidth of noncollinear OPA can be extended for amplification of pulses with octave-spanning spectra by simultaneous pumping with several beams of different wavelengths if the requirement of an inflexion point in the phase-matching curve is realized for each pump beam. We also propose a method to achieve especially large bandwidth by the use of two-stage degenerate OPA based on different crystals (BBO and KDP) each collinearly pumped at the wavelengths corresponding to negligible GVD coefficient.
We note, that the conclusions drawn above were made for short crystals of 2 mm long with gain parameter . Obviously, a decrease of crystal length or increase of gain parameter can enlarge an OPA bandwidth. It seems that development of OPCPA with the bandwidth exceeding one octave is only question of time.
